ABSTRACT Rhagoletis pomonella (Walsh) and Rhagoletis zephyria Snow (Diptera: Tephritidae) both occur in the U.S. PaciÞc Northwest and are frequently confused with one another due to their morphological similarity. The apple maggot, R. pomonella, is a threat to commercial apples [Malus domestica (Borkh.) Borkh.] in the PaciÞc Northwest, whereas R. zephyria attacks snowberry (Symphoricarpos Dill. ex Juss) and is not considered a threat. ConÞguration of the surstyli in males is used to discriminate between species, but this character shows overlap. In this study, we reexamined surstyli conÞgurations in the two species. We then used geometric morphometrics to test the hypotheses that shapes of surstyli and of aculei between the two species differ and that combining aculeus shape and size measures improves discrimination. We found that all R. pomonella had an inwardly curved surstyli conÞguration (based on a ratio of width across bases of prensisetae to width between the outer edges of the surstyli near their ends), whereas R. zephyria included specimens having either a parallel or divergent conÞguration. Using canonical variates analysis, multivariate analysis of variance, and an assignments test, we found that surstylus shape classiÞed 99.8% of males correctly to species. Aculeus shape accurately classiÞed 85.3% of females to species. Combining aculeus shape and length increased classiÞcation accuracy to 94.5%. Within species, surstylus and aculeus shape did not discriminate among ßy populations from different host fruit, collection areas, or both. Use of surstylus shape would beneÞt regulatory agencies that depend on accurate identiÞcations of R. pomonella for quarantine and management measures.
Apple maggot, Rhagoletis pomonella (Walsh), and Rhagoletis zephyria Snow (Diptera: Tephritidae) both occur in the U.S. PaciÞc Northwest and are frequently confused with one another due to their morphological similarity (Bush 1966 ). However, their direct impact on the apple [Malus domestica (Borkh.) Borkh.] industry in the PaciÞc Northwest is different, because R. pomonella attacks apples and is a threat to commercial apples, whereas R. zephyria attacks snowberry (Symphoricarpos Dill. ex Juss) and is not considered a threat (Yee 2008, Yee and Goughnour 2008) . The Washington State Department of Agriculture monitors for R. pomonella in unmanaged apple and hawthorn (Crataegus Tourn. Ex L.) trees by using sticky yellow panel traps in efforts to keep it out of commercial apple orchards in central Washington (Klaus et al. 2007 ), but because these trees can occur in sympatry with snowberry, R. zephyria is commonly caught on them. Accurate identiÞcation of ßies is crucial for decisions about treating trees or placing orchards under apple maggot "threatened status," which occurs when a R. pomonella ßy is detected Յ0.8 km from orchards (Washington State Legislature 2009). Such status incurs costs and considerable inconvenience for growers, because fruit from threatened orchards must be inspected for R. pomonella larvae. As of this time, R. pomonella in central Washington is conÞned to unmanaged apple and hawthorn trees, but as populations continue to spread, methods for accurate, rapid, and inexpensive identiÞcations of trapped ßies need to be readily available.
Current methods used to discriminate between R. pomonella and R. zephyria make use of genitalic morphology. Molecular methods for discriminating between species have not been published and in any event would be difÞcult to apply using ßies collected from sticky traps, particularly if traps have been in the Þeld for extended time intervals. Males of the two species traditionally have been separated by visually inspecting the conÞguration of the surstyli, paired clasping structures used during mating. Wescott (1982) used scanning electron micrographs to illustrate the parallel surstyli of R. pomonella and the divergent surstyli of R. zephyria from Oregon. The accuracy of visually assessing surstyli conÞgu-ration alone for separating the species has not been determined, but observations suggest some male ßies can be misidentiÞed using this method because not all R. zephyria have divergent surstyli (W.L.Y., unpublished). Most females of the two species can be separated by aculeus (apical part of the ovipositor) length, because it is generally longer in R. pomonella (Bush 1966 , Wescott 1982 . However, in one study using overlap in aculeus lengths (0.74 Ð 0.91 mm) between species (species were identiÞed by rearing from known hosts) (Yee et al. 2009 ), 94.6% of female R. pomonella were correctly identiÞed using aculeus length, but only 7.0% of R. zephyria were correctly identiÞed using it. Wing shape was used to improve the identiÞcation of female R. pomonella to 98.5% and female R. zephyria to 99.0% (Yee et al. 2009 ).
When surstyli conÞguration is problematic for discriminating R. pomonella and R. zephyria, examination of surstylus shape may be a solution. Differences between the surstylus shape in R. pomonella and what was referred to as R. symphoricarpi (R. zephyria) were Þrst shown by Curran (1924) . Drawings of the surstyli of R. pomonella and R. zephyria were later provided by Lathrop and Nickels (1932) , Pickett (1937), and Wasbauer (1963) . Bush (1966) also provided drawings of surstyli and noted that R. pomonella can be distinguished from R. zephyria using surstylus shape. Despite this work, there are no rigorous morphometric and statistical analyses of surstylus shapes that support the use of these shapes for species discrimination. To our knowledge, there also have been no reports of aculeus shapes being different in R. pomonella and R. zephyria, but this seems possible if surstylus shapes of the species differ. Analyses of aculeus shape may be useful as one of several methods for identifying females of the two species.
Geometric morphometrics uses the shape of anatomical or body structures independent of body size or linear measurements to classify organisms (Bookstein 1989, Rohlf and Marcus 1993) . The method may be more rigorous than traditional morphometrics that are based upon linear measurements (Mutanen and Pretorius 2007) . The approach should be especially suitable for analyzing genitalic shapes of R. pomonella and R. zephyria. Analyses of genitalic shapes using geometric morphometrics have been used to separate closely related species in other insect taxa (Mutanen and Pretorius 2007, Dapporto 2008) .
In this study, we Þrst reexamine surstyli conÞgura-tion in R. pomonella and R. zephyria and use these results to justify the need to examine surstylus shape. We then use geometric morphometrics to test the hypotheses that shapes of surstyli and of aculei between species differ and that combining aculeus shape and size measures improves species discrimination beyond that provided by shape alone. We also hypothesize that surstylus and aculeus shapes within species fail to discriminate among ßy populations from different host fruit or collection areas.
Materials and Methods
Sources of Flies. Infested apple or hawthorn fruit (R. pomonella) and infested snowberry fruit (R. zephyria) were collected in Washington state or northwestern Oregon in 2007 and 2008. Most apples were collected from the ground, whereas hawthorns and snowberries were collected from the plant. Fruit were brought in tubs to the Washington State University laboratory in Vancouver, WA, or USDAÐARS laboratory in Wapato, WA, and held at 20 Ð28ЊC. Puparia were collected periodically and were stored in moist soil in cups at 3Ð 4ЊC for at least 6 mo and were then transferred to 21Ð27ЊC for adult emergence. Flies were allowed to sclerotize (Ͻ1 d) and were frozen or allowed to die in cages and then stored in 70% ethanol.
Flies were separated into eight groups, with six groups of R. pomonella (pom) Goldendale). As examples of designations, "pom Apple sw WA" means ßies were R. pomonella (pom), the host was apple (Apple), and the collection area was southwestern Washington (sw WA), which comprised six collection sites (in parentheses). Similarly, zeph SB c WA means the ßies were R. zephyria (zeph), the host was snowberry (SB), and the collection area was central Washington (c WA), which comprised four collection sites (in parentheses). Reexamination of Surstyli Configurations. ConÞg-urations of surstyli of R. pomonella (Fig. 1A ) and of R. zephyria (Fig. 1B and C) were quantiÞed by calculating the ratio of the width across the bases of the prensisetae (the dark hook-like structures) to the width between the outer edges of the surstyli near their ends (indicated by arrows in Fig. 1 ), to generate a width ratio (Þve specimens in each category were measured). Flies in categories represented by Fig.  1AÐC had mean width ratios of 1.29 (range, 1.17Ð1.42), 0.77 (range, 0.71Ð 0.80), and 1.00 (range, 0.98 Ð1.00), respectively. The surstyli of each of 300 R. pomonella (from all groups except pom BH c WA) and each of 219 R. zephyria (both groups) were examined and placed in one of these categories. From 31 to 119 ßies from each R. pomonella group were examined, with each one consisting of individuals from three to Þve sites, except the Puy groups (one site). For zeph SB sw WA, 100 total ßies from six sites were examined, with six to 45 ßies from each. For zeph SB c WA, 119 total ßies from four sites were examined, with 20 Ð 40 ßies from each. Not all ßies examined for surstyli conÞg-urations were analyzed for surstylus shapes.
Surstylus Shape. Shape analysis was conducted on surstyli from 260 R. pomonella and 194 R. zephyria. For each of the eight ßy groups, 32Ð132 surstyli were analyzed, except for the pom BH c WA group, where eight were analyzed, due to low R. pomonella numbers in c WA. From each site, surstyli from two to 79 ßies were analyzed (mean Ϯ SE, 16.5 Ϯ 3.5), except for the pom BH c WA group, where one to four were analyzed. For analysis, the right epandrium (the ninth abdominal tergite), which bears the right surstylus ventrally, was removed from a ßy using forceps. The detached side of the epandrium was placed on a glass slide so that the broad surface of the right surstylus orienting away from the center of the ßy faced up, with the two prensisetae on the bottom of the mounts ( Fig. 2A and B) . A coverslip was placed on top of the surstylus and epandrium. The edges of the coverslip were sealed with hot wax. Images of surstyli were taken at 1,280 by 960 pixels resolution by using a Coolpix 4500 digital camera (Nikon Inc., Melville, NY) mounted on an MZ6 Stereozoom microscope (Leica, Wetzlar, Germany), along with a scale to allow for measurements. Landmarks (LMs), which are discrete, homologous anatomical loci, were placed at the base of the prensisetae and at the tip of the surstylus (Fig.  2C ) by using the program tpsDig version 2.10 (Rohlf 2006) . Because there were only two LMs clearly identiÞed on the surstylus, semilandmarks (SLMs), points in a geometric feature deÞned in terms of their positions on that feature (Zelditch et al. 2004) , were generated from positions of the LMs using the comb feature in the MakeFan6a option in the IMP-Integrated Morphometrics Package (Sheets 2004 ). In total, 41 SLMs (Fig. 2C) were generated.
Files containing LM and SLM data were created. Tps Þles were translated into the IMP format by using CoordGen6 h (Sheets 2004) . No outliers due to digitization error were found using a principal components analysis (PCA) in PCAGen6 (egregious errors such as incorrect LM numbering are highly visible in PCA plots). Semiland6 was used to align SLMs along curves using a distance minimizing protocol, minimizing shape differences due to the arbitrary nature of SLM positions along the curve (Sampson et al. 1996 , Bookstein 1997 , Zelditch et al. 2004 ). Files were loaded into CVAGen6o for canonical variates analysis (CVA). CVA is a multiaxis discriminant function and an ordination method for depicting differences visually and for testing the ability of variables to correctly predict group (species or population) differences based on measurements (Zelditch et al. 2004 ). The mean shapes of surstyli and deformation grids were produced, rather than a set of loadings along length or width variables as is commonly produced when using traditional morphometrics based on length or width measurements. CVA was followed by multivariate analysis of variance (MANOVA) of mean shapes. ClassiÞcation of ßy groups was made using jackknifed grouping from a CVA-distance based method (Nolte and Sheets 2005) . In the jackknife, one known specimen is left out at a time, and assigned using the CVA axes. The jackknife rate is a better estimate of the performance of the method than the resubstitution rate found by analyzing the same specimens used to create the discriminant function (Solow 1990 ). ClassiÞcation of all eight groups was conducted. In addition, classiÞcation of two groups generated by combining all six groups of R. pomonella as one group and combining the two groups of R. zephyria as the other group was conducted. Surstylus Size and Shape. The same methods described in the previous paragraph were followed, using the same specimens, except here size of surstyli was included in the analysis. Two measures of size were used: centroid size (CS) and length. CS is the size measure favored in geometric morphometrics because it is the least correlated size measure possible and adds the greatest amount of uncorrelated information into the CVA (Bookstein 1991 , Zelditch et al. 2004 . Length measures also add information, although the correlation may render it less effective. Surstylus lengths were measured from LM 1 to LM 2 (Fig. 2C) . Pixels on the image were calibrated to the scale taken along with the images (one pixel ϭ 6.41 ϫ 10 Ϫ4 mm). TMorphGen was used to extract the lengths from the landmark data Þles. Lengths were analyzed using ANOVA (MATLAB, The MathWorks, Inc., Natick, MA), followed by pairwise t-tests, with P adjusted using BonferroniÕs correction (P ϭ 0.05/28 comparisons ϭ 0.0018). ClassiÞcation based on combining surstylus shape and size was determined using CVAs and assignments tests using eight and two groups.
Aculeus Shape. The ovipositor comprises the oviscape, eversible membrane, and aculeus (White et al. 2000) . The aculeus is the apical bladelike piercing part of the ovipositor that was analyzed. Aculeus here is equivalent to ovipositor in some previous literature (Bush 1966 , Wescott 1982 , Yee et al. 2009 ). Shape analysis was conducted on aculei from 197 R. pomonella and 150 R. zephyria. For each of the eight ßy groups, 30 Ð78 aculei were analyzed, except for the pom BH c WA group, where six were analyzed. From each site, aculei from two to 33 ßies were analyzed (mean Ϯ SE, 13.6 Ϯ 1.70), except from the pom BH c WA group, where four and two from Burbank Creek and Wenas, respectively, were analyzed. The aculeus from each ßy was removed using forceps and placed on clear liquid nail enamel (Revlon Consumer Products, New York, NY) on a glass slide, with the cloacal opening on the dorsal side facing up (Fig. 3) . The nail enamel hardened in Ͻ1 min, setting the aculeus in position. Digital images of aculei were taken using the same equipment and at the same resolution (but at higher magniÞcation) as of the surstyli. Placement of three LMs and 40 SLMs (Fig. 3C) were made using the tpsDig program and the comb feature in MakeFan6a. Analyses were conducted as described for surstyli.
Aculeus Shape and Size. The same methods were followed as with surstyli. Aculeus length was the distance from the midpoint of LM 1 and LM 2 to LM 3 (Fig. 3C ) (one pixel ϭ 1.34 ϫ 10 Ϫ3 mm). Lengths of aculei were Þrst analyzed using ANOVA to establish differences. Then aculeus size (CS and length) and shape were included in CVAs and assignments tests using eight and two groups, as with surstyli.
Voucher Specimens. Mounted surstyli and aculei of all ßies used in this study are maintained at the USDAÐ ARS Yakima Agricultural Research Laboratory. 
Results
Reexamination of Surstyli Configurations. Of the 300 R. pomonella, 100% had a surstyli width ratio matching most closely that of Fig. 1A . Of the 219 total R. zephyria, 53.9% had surstyli matching most closely that of Fig. 1B (zeph SB sw WA, 55.0%; zeph SB c WA, 52.9%), with the remaining 46.1% matching most closely that of Fig. 1C . The surstyli of R. pomonella (Fig. 1A) appear thin from above, because their broad surfaces face laterally or obliquely. In specimens examined, the surstyli are not parallel at the tips but are inwardly curved apically (Fig. 1A) , even though the surstyli are parallel along most of their lengths. The surstyli of R. zephyria diverge (Fig. 1B) or are nearly parallel along the outer edges, with the broad surfaces somewhat turned toward the observer (Fig. 1C) . The differences in overall surstyli appearance are due to surstylus shape (below).
Surstylus Shape. The CVA axes plot of all eight groups (Fig. 4) shows a clear, strong separation in the surstylus shapes between species, but little or no separation of groups within species (axis 1: Wilks lambda ϭ 0.0139; 2 ϭ 1745.62; df ϭ 574; P Ͻ 0.0001; axis 2: Wilks lambda ϭ 0.2023; 2 ϭ 651.98; df ϭ 486; P Ͻ 0.0001; axis 3: Wilks lambda ϭ 0.2998; 2 ϭ 491.50; df ϭ 400; P Ͻ 0.0001). A MANOVA of surstylus shape using all eight groups was signiÞcant (Table 2) . Interestingly, the eight specimens of pom BH c WA were seen near the edges of the R. pomonella cluster, with two closer to the R. zephyria cluster. The CVA axes plot of the two groups (all R. pomonella versus all R. zephyria) (data not shown) showed a strong separa- tion (axis 1: Wilks lambda ϭ 0.0756; 2 ϭ 1061.47; df ϭ 82; P Ͻ 0.0001). A MANOVA of surstylus shape of ßies categorized in eight (six R. pomonella and two R. zephyria) or in two groups (all R. pomonella versus all R. zephyria) was signiÞcant (Table 2 ). However, a CVA using all six R. pomonella groups (data not shown) was not signiÞcant (P Ͼ 0.05), and a CVA using the two R. zephyria groups (data not shown) was not signiÞcant (P Ͼ 0.05), so we could not distinguish populations within species.
The two species were found to differ in surstylus shape (Fig. 5) . The surstylus of typical R. pomonella ( Figs. 2A and 5 ) viewed from the side is slightly concave or ßat along the upper edge and turns slightly upward before the apex, and is convex along the lower curve. That of typical R. zephyria (Figs. 2B and 5) is ßatter along the upper edge and slopes and turns down before the apex (SLMs 39 Ð 43 and LM 2), and is ßatter along the lower edge. The deformation grid produced by the analysis (Fig. 6) shows that the Þrst CVA axis detected exactly this difference in curvature between the surstyli of the two species. This grid depicts the shape changes or differences expected as one moves from specimens on the left side of the scatter plot in Fig. 4 
(R. zephyria) to those on the right (R. pomonella).
In the jackknife groupings from the CVA-distance based method by using all eight groups, correct assignment rate to groups was poor, but it was very high to species (Table 3) . Only eight ßies were misclassiÞed, and all were R. zephyria (four each from sw WA and c WA) placed into the pom BH c WA group. When all eight pom BH c WA specimens were omitted to yield seven groups for analysis, the jackknife assignment rate was 100% correct at the species level. When the jackknife grouping was conducted using two groups (all R. pomonella versus all R. zephyria), there was only one misclassiÞcation (Table 3) , that of a pom BH c WA specimen from the Wenas site classiÞed as R. zephyria. The surstylus of this specimen (Fig. 7) seemed to be intermediate in shape between that of typical R. pomonella and R. zephyria (the surstyli conÞguration of this ßy was not recorded).
Surstylus Shape and Size Combined. Surstylus lengths were greater in R. pomonella than R. zephyria (F ϭ 67.32; df ϭ 7, 446; P Ͻ 0.0001), although there were overlaps in lengths between species (Fig. 8) . When surstylus shape was combined with CS or length, assignments using eight groups were slightly improved over use of shape alone (Table 3) .
Aculeus Shape. The CVA axes plot of all eight groups shows a moderate separation in aculeus shapes of the two species, but little or no separation of groups within species (Fig. 9 ) (axis 1: Wilks lambda ϭ 0.0296; 2 ϭ 1059.33; df ϭ 574; P Ͻ 0.0001; axis 2: Wilks lambda ϭ 0.1014; 2 ϭ 688.99; df ϭ 486; P ϭ 0.0001; axis 3: Wilks lambda ϭ 0.1766; 2 ϭ 521.94; df ϭ 400; P Ͻ 0.0001; axis 4: Wilks lambda ϭ 0.2744; 2 ϭ 389.30; df ϭ 316; P Ͻ 0.0001). A MANOVA using all eight groups was signiÞcant (Table 4 ). The CVA axes plot of the two groups (all R. pomonella versus all R. zephyria) (data not shown) showed moderate separation between species (axis 1: Wilks lambda ϭ 0.4512; 2 ϭ 241.97; df ϭ 82; P Ͻ 0.0001). A MANOVA using ßies categorized in eight or two groups was signiÞcant (Table 4) . However, CVAs of the six R. pomonella groups, and separately, of the two R. zephyria groups (data not shown), were not signiÞcant (P Ͼ 0.05), so we could not distinguish populations within species.
There were subtle differences in aculeus shape between species (Fig. 10) . The aculeus of R. pomonella is proportionately more slender than that of R. zephyria. The deformation grid (Fig. 11) shows that aculei with higher scores along the Þrst CVA axis (i.e., Fig. 9 , right) were somewhat wider than those with lower scores.
In the jackknife groupings from the CVA-distance based method using all eight groups, correct assignment rates to groups were poor. However, a fairly high percentage of R. pomonella was correctly assigned, greater than that of R. zephyria (Table 5 ). When the jackknife grouping was conducted using two groups (all R. pomonella versus all R. zephyria), correct assignment to species was lower than when using eight groups (Table 5) .
Aculeus Shape and Size Combined. Aculeus lengths were greater in R. pomonella than R. zephyria (F ϭ 145.94; df ϭ 7, 339; P Ͻ 0.0001), although there was overlap between species (Fig. 12 ). There were outliers in each group that were well within the 25Ð75% range of other groups, or beyond it. When aculeus shape was combined with CS or length, assignments using eight or two groups were improved over use of shape alone (Table 5 ). Use of shape ϩ length yielded better accuracy than use of shape ϩ CS (Table 5) . 
Discussion
Results indicate that surstyli of R. zephyria in Washington and northwestern Oregon are divergent almost as often as they are parallel, and that the Þgure of R. zephyria surstyli conÞguration shown in Wescott (1982) represents a case of strong divergence seen in only 53.9% of the specimens examined here. This has been a source of confusion for workers assigned to identify ßies from trapping surveys (W.L.Y., unpublished data). In addition, using our calculation method, the surstyli of R. pomonella examined here are inwardly curved apically (Fig. 1A) . ConÞguration and shape of the surstyli are both important for species identiÞcation, but it is possible conÞgurations change slightly depending on the condition of the specimen, e.g., whether dried or preserved in ethanol, whereas surstylus shapes are less likely to change because surstyli are sclerotized structures.
Results support the hypothesis that shapes of the surstyli in R. pomonella and R. zephyria differ, because geometric morphometrics of these shapes can discriminate up to 99.8% of individuals of the two species. It appears from visual inspection that the pictures of surstylus shapes presented by Curran (1924) , Lathrop and Nickels (1932), Wasbauer (1963) , and Bush (1966) are also representative of R. pomonella and R. zephyria in Washington and northwestern Oregon examined here. From this, it can be predicted that surstylus shape can be used to discriminate populations of R. pomonella and R. zephyria across North America.
Based on our work, there should almost never be any misidentiÞcations of male R. pomonella and R. zephyria if surstylus shape is examined. However, the surstylus of one R. pomonella specimen (Fig. 7) was misidentiÞed in the two group analysis and seemed to be intermediate in shape. In addition, in (McPheron 1990 , Feder et al. 1999 . In an independent analysis, wing shapes of ßies from the BH c WA group also appeared intermediate between those of typical R. pomonella and R. zephyria (Yee et al. 2009 ). Eliminating the pom BH c WA group from the surstylus analysis resulted in 100% accurate classiÞcation of male ßies.
Because of occasional, although not trivial, problems with misidentiÞed ßies, combining surstyli conÞguration, surstylus shape, wing shape, and multiple linear body measurements (e.g., head capsule width, wing length, and femur length) (Yee et al. 2009 ) may be necessary for 100% accurate identiÞcations of male ßies. In some insects, the most accurate identiÞcations from examinations of genitalia were achieved by combined size and shape data (Mutanen and Pretorius 2007) . Here, we only assessed shape and size of the same structures (either surstyli or aculei). 
